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LASER INDUCED GAS BREAKDOWN: SPECTROSCOPIC AND CHEMICAL STUDIES 
by 
P h i l i p p e  de  Montgolf ier  
I n  t h i s  paper we r e p o r t  t h e  r e s u l t s  of s e v e r a l  i n v e s t i g a t i o n s  on 
l a s e r  induced gas breakdown. These experiments included,  t ime reso lved  
spectroscopy,  d i r e c t  d e t e c t i o n  of H atoms, chemical r eac t ions ;  each of 
them provided i n s i g h t  i n t o  t h e  behavior sf t h e  medium a t  d i f f e r e n t  t i m e s ,  
Comparison of t h e  i n t e n s i t y  of t h e  observed s i g n a l s  showed t h a t  t h e  spec i e s  
formed were probably c rea t ed  during c o l l i s i o n s  w i t h  e l e c t r o n s .  I n  ad- 
d i t i o n ,  no primary mul t iphotonic  abso rp t ion  and no macroscopic chemical 
r e a c t i o n  were observed below t h e  breakdown threshold .  
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I, INTRODUCTION 
By focusing a Q switched l a s e r  beam, one can g e t  an i n t e n s e  e n e ~ g y  
2 f l u x  d e n s i t y  (- w/cm ) . Above a threshold  dens i ty  t h e r e  is  a break- 
down of a i r  a t  t h e  focus of t h e  lenses :  a n  i n t e n s e  blue-white ba l l .  
appears  accompanied by a clapping and a sharp  r educ t ion  of t h e  l a s e r  
beam t r ansmi t t ed  through t h e  focal  zone, There Is also a pressure ~~r~.liqs:_ii, 
a func t ion  of t h e  gas ,  under which nothing happens. The elementary p r c c z s s c ~  
a r e  very  complex and numerous: 
1 )  c r e a t i o n  of t h e  f i r s t  e l e c t r o n s  
2) hea t ing  of t hese  e l e c t r o n s  by i n v e r s e  Bremsstrahlung e l ec t ron -  
n e u t r a l ,  o r  e lec t ron- ion  
3)  emission of l i g h t  by Bremsstrahlung 
4) d i f f u s i o n  out of t h e  f o c a l  zone 
5) i on iz ing  c o l l i s i o n s  
6) recombinations of i ons  and e l e c t r o n s  
7) e l a s t i c  and i n e l a s t i c  e l g c t r o n s  
8) expansion of t he  plasma and shock waves: macroscopic movement.; 
of t h e  plasma. 
I n  order  t o  analyze such a complex and r a p i d l y  evolving system, 
many d i f f e r e n t  methods have been used. It is no t  our purpose t o  revieb 
he re  a l l  t h e  r e s u l t s  obtained.  We w i l l  r e c a l l  only t h a t ,  a f t e r  an initial 
period of t ime, t h e r e  i s  a m u l t i p l i c a t i o n  of e l e c t r o n s , i n  a very f a s t  
cascadelby mainly t h e  mechanisms 2 and 5 above. Inverse  BremsstralnTuni;: 
is  much more e f f i c i e n t  i n  e lec t ron- ion  c o l l i s i o n s  than  i n  e l ec t ron -neu t r a l  
one. Therefore,  when She m b e r  of ions  is s u f f i c i e n t  t h e r e  i s  a tremea- 
2 
'Isus heat ing  of t h e  plasma, expansion, and o f t e n  shock waves, Af t e r  t h e  
e x t i n c t i o n  of t h e  l a s e r  beam, t h e  plasma cannot i nc rease  i ts  energy, and 
t h e r e  i s  a  d i s s i p a t i o n  of energy. By lowering t h e  gas p re s su re ,  one can 
ccnt ro2  t h e  development of t h e  cascade and hopefu l ly  s tudy  t h e  primary 
processes  c r e a t i n g  t h e  f i r s t  e l e c t r o n s .  
The d i f f e r e n t  t h e o r i e s  proposed i n  order  to exp la in  t h e  primary 
ircsesses of l a s e r  induced gas breakdown' do not r e q u i r e  t h a t  every 
atom o r  molecule exc i t ed  t o  a d i s c r e t e  e l e c t r o n i c  l e v e l  must be  ion ized  
l a t e r .  I n  numerous s t u d i e s ,  a t t e a $  have been made t o  ineasure a t  d i f f e r -  
ent  p re s su re s  t h e  number of e l e c t r o n s  o r  i ons  ~ r e a t e d , ~ - ~  and t h e  l i g h t  
5 
emit ted by t h e  plasma. Recent ly,  chemical r e a c t i o n s  have been i n i t i a t e d  
by laser induced gas breakdown, 6-9 EUL unfo r tuna te ly  exper iemnta l  con- 
d i t i o n s  va r i ed  i n  a l l  t h e s e  experiments and it i s  d i f f i c u l t  t o  compare 
the r e s u l t s .  
I n  t h e  fol lowing r e p o r t  we desc r ibe  experiments , p a r t i a l l y  pk i5 l i~hed  
elsewhere, ''-I2 i n  which a r e  compared t h e  evolu t ions  of d i f f e r e n t  par t ic2  es 
r e l e v a n t  i n  t h e  mediuin's dynamics, inc luding  e l e c t r o n s ,  exc i t ed  s t a t e s ,  
atoms and products  of r e a c t i o n s .  By spectroscopy one can make conspbcuoul; 
t he  r a d i a t i o n  of bremsstrahluwg of e l e c t r o n s  and t h e  r a d i a t i v e  desexc i ta -  
t i o n  of p a r t i c u l a r  exc i t ed  s t a t e s .  The hydrogen atoms c rea t ed  by in te r -  
a c t i o n  of t h e  l a s e r  beam and a  f low of molecular hydrogen a r e  d e t e c t a b l e  
with a semiconductor probe. F i n a l l y  some chemical r e a c t i o n s  may b e  
i n i t  ia-Led. 
Thus one can fo l low t h e  evolu t ion  of che i r r a d i a t e d  medium through 
t i m e  and know t h e  o r i g i n  of the exc i t ed  s p e c i e s .  The two l a s t  types of 
experiments can a l s o  be  considered a s  means of d e t e c t i o n  g iv ing  an upFer 
bound t o  t h e  number of molecules d i s s o c i a t e d  by mult iphotonic  absorption, 
11. SPECTROSCOPIC STUDY 
A. Experimental Apparatus 
We used a  LASER CILAS VD 160 having t h e  fol lowing charac te r i s tLcc  : 
output  energy = 35, X = 1.06p, FWHM time = 30 n s ,  divergence of t h n  
beam = 5 x  10'~ rd .  The e l e c t r i c a l  and o p t i c a l  s e tup  (Fig.  1) is  
f u l l y  descr ibed  elsewhere. l3-I4 A double monochromator HUET M225 u s i x  
3 
two o p t i c a l  g r a t i n g s  wi th  610 l i n e s  per  mi l l ime te r ,  blazed f o r  5000A, 
was coupled wi th  a  photomul t ip l ie r  tube 56CVP o r  53AVP(PWDf of o u r . ~ u f .  
pu l se  = 5  ns )  . The output  pu l se s  were monitored by an osc i l l o scope  
CRC 100 MHz which w a s  t r i g g e r e d  by a pho toce l l  CSF F9096. The plzcrtcr- 
m u l t i p l i e r  w a s  t r i g g e r e d  v i a  a  coax ia l  l i n e  (50 Q) t o  g ive  t h e  p laper  " L I T /  
11 delay.  The s p e c t r a l  r e s o l u t i o n  was 5  Angstrom and under our b e s t  c:al.di- 
3 t i o n s  i t  was n o t  p o s s i b l e  t o  d e t e c t  l e s s  t han  10 photons per  second 
a t  t h e  f o c a l  po in t  ( f  = 8 cm) of t h e  l a s e r  beam. 
B.  Resu l t s  
0 0 0 
The s p e c t r a l  l i n e s  N I I  (46278, 5007A) i n  n i t rogen ,  He1 (5876A) acd 
0 0 
He11 (5686A) i n  helium, H4(6563A) i n  molecular hydrogen were s tud ied  i n  
p a r t i c u l a r .  I n  each case  we observed an osc i l logram showinq 
t h r e e  peaks corresponding t o  t h r e e  luminous impulses appearing one a f tcr  
t h e  o the r .  I n  F igu re  2 t h e  r e s u l t s  of H l i n e  a r e  r epo r t ed ,  
a 
The f i r s t  peak appeared be fo re  t h e  maximum impulse of t h e  Laser 
beam and e a r l i e r  and e a r l i e r  a s  t h e  gas p re s su re  was increased .  It d id  
not  vary much w i t h  t h e  wave l eng th  observed and was due t o  t h e  bremsstrah- 
lung r a d i a t i o n  of t h e  e l e c t r o n s .  I n  F igure  3 t h e  i n t e n s i t y  of t h i s  peak 
i s  p l o t t e d  aga ins t  t h e  gas pressure .  
We have seen elsewhere t h a t  t h e s e  r e s u l t s  can be p red ic t ed  by 
a aode l  which ignores  a l l  inhomogeneities i n  t h e  f o c a l  volume. Fur ther  
s i m p l i f i c a t i o n s  g i v e  some i n s i g h t  on t h e  d i f f e r ences  of bellavior of gases  
without any ca l cu la t ion :  t h e  evolu t ion  equat ion f o r  t h e  number of e l e c t r o n s  
has one term t ak ing  account of t h e  r a t e  of i o n i z a t i o n  ( r a t e  of energy 
inc rease  by inve r se  bremsstrahlung divided by a  threshold  energy - + 
i o n i z a t i o n  p o t e n t i a l )  and one o the r  tak ing  account of t h e  l o s s e s  by d i f f u s i o n  
out  of t h e  f o c a l  volume. The d i f f u s i o n  cons tan t  i s  invLegsely p r o p o r t i o n z ~  
t o  t h e  mass of t h e  molecule,  and t h e r e f o r e  t h e  l o s s e s  a r e  more important 
for helium than  f o r  argon o r  oxygen. Inve r se  bremsstrahlung c ros s  s ec t ions  
inc rease  wi th  t h e  energy of e l e c t r o n s  much f a s t e r  f o r  heavy gases  than  
for l i g h t  ones, and a s  t h e  i o n i z a t i o n  p o t e n t i a l  of heljurn is  t h e  h i g h e s t ,  
the r a t e  of product ion of e l e c t r o n s  by ion iz ing  coLl i s ions  w i l l  he low 
when compared t o  o the r  gases ,  and l e s s  s e n s i t i v e  t o  gas p re s su re .  
A second peak, which appeared a f t e r  t h e  e x t i n c t i o n  of t h e  l a s e r  beam, 
was centered on t h e  s p e c t r a l  l i n e s  of t h e  gas .  Its decay t ime v a r i e d  wi th  
the  gas between s e v e r a l  hundred and s e v e r a l  thousand nanoseconds. By 
examining d i f f e r e n t  p o i n t s  of t h e  f o c a l  zone, we saw t h a t  t h e  plasma was 
nothhomogenous and had two c e n t e t s  which were more i n t e n s e .  Nevertheless  
t h e  decay time of t he  s i g n a l  was the  same a t  any p a r t  w i t h i n  t h e  plasna, 
and one can assume t h a t  t h e  processes  g iv ing  r i s e  t o  t h e  exc i t ed  s taras 
were i d e n t i c a l  throughout t h e  plasma. Be w e r e  a b l e  t o  compute the v a r i a -  
t i o n s  wi th  t ime of t h e  e l e c t r o n i c  d e n s i t y  Ne and T of t h e  plasm2 by 
e  
s tudying t h e  l i n e ' s  shapes and t h e i r  s t a r k  broadening: i n  F igure  4 we 
present  t h e  r e s u l t s  f o r  H l i n e .  One can s e e  t h a t  Te i s  s t a b i l i z e d  
a 
f o r  s e v e r a l  microseconds wh i l e  Ne i s  s t i l l  decreas ing .  These r e s ~ l t s  
agree  wi th  those  r e c e n t l y  r epo r t ed  f o r  Helium. 5 
I n  t h e  t r i p a r t i c u l a r  process ,  
+ 3: H + 2 e - + H + e  
e l e c t r o n s  i n c r e a s e  t h e i r  k i n e t i c  energy, and t h i s  g a i n  can compensate 
f o r  t h e  l o s s e s  i n  i n e l a s t i c  c o l l i s i o n s  f o r  a  time. During t h i s  period 
of t i m e ,  c o l l i s i o n  c ros s  s e c t i o n s  were cons tan t ,  and the  decay o f  the 
second peak p&a l l e l ed  very  c l o s e l y  t h e  v a r i a t i o n  of Ne . Therefore 
t h e  corresponding exc i t ed  s t a t e s  were probably produced i n  processes  o f  
f i r s t  order  wi th  r e spec t  t o  e l e c t r o n s ,  such as: 
Numerous spec i e s  and processes  p lay  a  r o l e  i n  plasma's dynamics, 
I n  order  t o  c a l c u l a t e  T and Ne we supposed t h a t  t h e  hypothesis  of 
e  
Local thermodynamic equi l ibr ium (LTE) appl ied .  It could not  be s o  i f  
t h e  process  descr ibed  above was predominant i n  t h e  plasma's behavior ,  
Actua l ly  we th ink  t h a t  i t  p lays  a  very  smal l  r o l e  and t h a t  evidence of 
t h e  main processes  could be i n v e s t i g a t e d  i n  t h e  u l t r a v i o l e t  reg ion ,  
The a r e a  under t h e  second peak is p l o t t e d  i n  F igure  5 ve r sus  t h e  
0 
gas p re s su re  f o r  t h e  H and N I I  46278 l i n e s .  A t  low p res su res  we could 
a 
not s e e  any i n f l e c t i o n  of t h e  curves corresponding t o  t h e  exc i t ed  s t a t e s  
c r ea t ed  by mul t iphotonic  absorp t ion .  I n  p a r t i c u l a r ,  f o r  helium, t h e  
light emit ted i n  t h e  t r a n s i t i o n  3d 3~ -+ 2p 3~ which i s  e s p e c i a l l y  
0 ' 
i n t e n s e  a t  o rd inary  p re s su re ,  d id  not  show any i r r e g u l a r i t y  at low p res su res ,  
This w i l l  be  d iscussed  i n  P a r t  V.  
The t h i r d  peak has  been s t u d i e d  r e c e n t l y .  l6,l7 1t was centered  on 
spsc t ros sop ic  l i n e s  and appeared 380 n s  o r  s e v e r a l  us  a f t e r  t h e  second 
signal, according t h e  p a r t  of t h e  f o c a l  reg ion  examined: t h i s  r e s u l t  
rnay be explained by assuming t h a t  t h e  l iminous zone was d i sp l aced  toward 
5 the l a s e r  wi th  a  speed of l o 4  o r  10 cm/s. I ts decay t ime i s  analogous 
Lo t h e  decay time of t h e  second peak, and t h e  l i m i t  p r e s su re  of appearance 
i s  l a r g e r .  
C, S e n s i b i l i t y  of Detec t ion  - and Breakdown's Threshold 
The o v e r a l l  c h a r a c t e r i s t i c s  of t h e  d e t e c t i o n  a r e :  
s o l i d  angle  s tud ied :  lom2 s t e r a d i a n s  
quanta1 e f f i c i e n c y  of t h e  photo cathode: 10% 
maximal gain:  l o6  
t ime cons tan t  of t h e  R c c i r c u i t  of charge: 0 . 7  ns 
I n  t h e  most unfavorable  case,  i . e .  i f  a  completely uniform d i s t r i b u t i o n  
of exc i t ed  s t a t e s  is c rea t ed  by d i r e c t  mul t iphotonic  absorp t ion  during 
5 the Laser pulse ,  we would have been a b l e  t o  d e t e c t  10 desexc i t a t i ons  
i f  t h e  l i f e t i m e  of exc i t ed  s t a t e s  d id  not  exceed 50 nanoseconds. 
Because of t h e  very  r ap id  i n c r e a s e  wi th  p re s su re  i n  t h e  i n t e n s i t y  
of the r a d i a t i c n  emit ted from t h e  ga s  a t  f i x e d  l a s e r  energy, we can d e f i n e  
a threshold  p re s su re  of breakdown, This concept is very u s e f u l  f o r  corn- 
par ing  d i f f e r e n t  gases  but  has no p r e c i s e  d e f i n i t i o n  , A s  we define 
t h e  t h re sho ld ,  i t  corresponds t o  t h e  p re s su re  a t  which t h e  e l e c t r o n i c  
cascade develops very  r ap id ly .  At cons tan t  p re s su re  we can a l s o  defice 
a power threshold .  
111. DIRECT DETECTION OF HYDROGEN ATOMS 
A .  Apparatus 
The l a s e r  beam w a s  focused i n  a g l a s s  ba l loon ,  11 The focus  or' 
l e n s  (f = 8 cm) was on t h e  a x i s  of a g l a s s  tube  (diameter = 2 m) ~ h z c l - ~  
served t o  in t roduce  a l a r g e  flow of B2 . A Ti02 probe, whose d i s t a t b e  
t o  t h e  focus can b e  v a r i e d  and measured, was s e t  on the  same axtk 
( f i g u r e  6) . The Laser beam w& d i r e c t e d  perpendicular  t o  t h i s  a x i s ,  ,'be 
ehemisorption of M atonas on Ti0 has been ex tens ive ly  s tudied  el.sc3-- 2 
where : 11y12 t h e  change i n  conduct iv i ty  of t h e  probe, due t o  t h e  absoi:-.ti;: 
is p ropor t iona l  t o  t h e  l o c a l  atomic concent ra t ion .  One can sho17 +;h.:" 
H atoms c rea t ed  i n  t h e  ion ized  volume and i ts  v i c i n i t y  were trat-rs.:arrb.?C 
t o  t h e  d e t e c t o r  by t h e  gaseous f low.  U , P 3  
B. Resu l t s  
Measuring t h e  atomic concent ra t ion  a t  d i f f e r e n t  d i s t ances  from the 
focus i s  equiva len t  t o  s tudying  t h e  homogeneous recombination of radicals 
a t  d i f f e r e n t  t imes.  Taking t h e  u s u a l  va lue  of t h e  speed cons tan t  of this 
3 2 -1 t h r e e  p a r t i c l e  process  2 (an ) s t h e  recombination law is :  
G snakl p a r t  of t h e  energy of t h e  l a s e r  beam i s  absorbed by t h e  plasma 
and l a t e r  thermalized.  This  changes t h e  cons tan t  of recombination 
n e g l i g i b l y ,  and we may neg lec t  t h e  e f f e c t  of t h i s  abso rp t ion  of energy 
from t h e  l a s e r .  
The experimental  l a w  is: 
where x is a cons tan t  which is a c h a r a c t e r i s t i c  of t h e  d e t e c t o r  and 
whose v a l u e  is unknown, But t h e  comparison of t h e s e  two  expressions 
allows one t o  determine x , and t h e r e f o r e  g ive  a n  a b s o l u t e  measure of 
&he local concent ra t ion  of B atms at d i f f e r e n t  t imes.  
- 
I n  Figure  7 and 8 we have p lo tked  the  atomkc c o n ~ e n t r a t i o n  i n  % h ~  
EccaL volume, j u s t  a f t e r  t h e  e x t i n c t i o n  of t h e  plasma, as a function of 
rhe energy of the l a s e r  beam a t  760 t o m  and of the  gas  p re s su re  ar 
ccns t an t  energy. 
Below t h e  breakdown's th reshold  w e  were not a b l e  t o  detect any Y 
o r  Under such condi t ions ,  Laking accoune of t h e  saall focal. volume 
4 . A ,-- - .V. e is  no plasma exparision), i t  would have been necessary  t o  hax+e 
10' d i s s o c i a t e d  molecules i n  order  t o  d e t e c t  any atoms. 
IV, CHEMICAL REACTIONS 
Pyrex g l a s s  c e l l s ,  of s p h e r i c a l  o r  c y l i n d r i c a l  shape, contained 
3 between 5 and 100 cm of t h e  gas t o  be  i r r a d i a t e d .  The main product of 
r e a c t i o n  was analyzed by gas phase chroaatography o r  mass spectroscopy.  
he jriidied" t he  pho to lys i s  of acetaldehyde,  t h e  i soeop ic  exchange 
between HZ and D2 , and some explos ive  mixtures:  hydrogen a d  oxyee~, 
hydrogen and ch lo r ide ,  ace tone  and oxygen, acetaldehyde and oxygen, 
propane and oxygen. Before t h e  l a s e r  beam exposure, a l l  t h e  b ina ry  
mixtures  were equimolay. 
Looking a t  t h e  l i g h t  emi t ted  by t h e  f o c a l  volume allowed us t o  
determine t h e  approximate development of t h e  plasma a t  the time c5 c. im 
e x t i n c t i o n  of t h e  l a s e r  beam. 
We s tud ied  a t  f i r s t  t h e  r e a c t i o n  HZ f D2 = 2 D  by measuring the 
f i n a l  concent ra t ion  of . I n  F igure  9 t h i s  quan t i t y  is plotted p t  
760 t o r r  and 3 0 0 ' ~  a g a i n s t  t h e  l a s e r  beam energy. Below t h e  threshoL: 
energy of 0.83 we d id  not  observe any Analogous r e s u l t s  were 
obtained f o r  aEP o the r  r e a c t i o n s .  
Under t h e  s tandard  condi t ions  of temperature and pressure tke 
r e a c t i o n  R + C R 2  = HGR can be  i n i t i a t e d  photochemically and is expi->s::-, 2 
p o r t e r 7  observed t h i s  r e a c t i o n  below t h e  breakdown threshold  2nd =.-n-,;?r- 
# .  pre ted  i t  by assuming a d i s s o c i a t i o n  of c h l o r i d e  by s h u l t a n e o u s  src-.. - -, 
of two photons (ruby l a s e r ) .  With our Laser (Neadinium), one ne:2t?s a 
t h r e e  photon absorp t ion  t o  g e t  the same result, and t h i s  rneckanisn is  
l e s s  probable.  Nevertheless ,  i f  we compare t h i s  n u d e r  t o  the tm phtJ, -3s 
necessary  f o r  t h e  muatiphotonfc i o n i z a t i o n  of chEori.de, one could cxpc :" 
t o  s e e  a photodissoc ia t ion  i n  s p i t e  of t h e  s e l e c t i o n  r u l e s .  
The speed of branching of t h e  r e a c t i o n  2H2 + O2 = 2H20 i s  small a ;  
s tandard  T and P when compared t o  t h e  speeds of recombination s f  I : - I ~  
r a d i c a l s  involved. Therefore one cannot i n i t i a t e  an explosion by ereacing 
l o c a l l y  a high atomic concenkratkan. However an explos ion  occurrec: e;&- 
tuns the mixture was i r r a d i a t e d  wi th  a l a s e r  beam where energy was greater 
Lha:~ t h e  threshold :  t h i s  i s  s t rong  evidence f o r  t h e  important r o l e  played 
Ln the evolu t ion  of t h e  r e a c t i o n  by t h e  t ransformat ion  of a  p a r t  of t h e  
photonic energy of t h e  l a s e r  beam i n t o  thermal  energy of t h e  gas ,  
When t h e r e  is no breakdown, t h i s  energy t r a n s f e r  i s  n e g l i g i b l e  and 
w e  s tud ied  t h e o r e t i c a l l y  a t  300°K and 400BK t h e  progress  of t h e  reaecio? 
- 7 
*+ 
-- ?2 - 2FD : t h e  f r e e  radicals d i f f u s e d  from t h e  ceneer. of the .h-can-rr 
-2 
2nd reacted toge ther  a t  t h e  same t ime,  Under our  e x p e r i m e n ~ a l  eonditis~s 
at l e a s t  lo1' or  1015 molecules had t o  be d i s s o c i a t e d  in order t o  induce 
d Sezec tab le  r e a c t i o n .  $liptimizing a11 t h e  physical pslrmeters would lover 
9, DISCUSSION 
:2.9 t h e  experiments repor ted  hare might have g iven  more ~ T E C L S ~  
r e s u l t s ,  This would have r equ i r ed  very s o p h i s t i c a t e d  appara tus  and would 
tIa7e precluded t h e  p o s s i b i l i t y  of i n v e s t i g a t i n g  more than a s i n g l e  as;scr 
Snr r e s u l t s  Can be analyzed 2x8~3 8evecraP d i f f  erenk 2oinh,s ,:I:' t;Jeq- 
chronometry, o r i g i n  sf  t h e  involved pareieles, mu1tfphs ton . i~  abso rp t i on ,  
chemical r e a c t i o n s ,  
The spec t roscop ic  s tudy  allowed us t o  i s o l a t e  t h r e e  e f f e c t s  con- 
t r i b u t i n g  t o  t h e  emission of l i g h t  from t h e  plasma. The bremsstrahlung 
r a d i a t i o n  from t h e  e l e c t r o n s  appeared f i r s t ,  reached i ts  maximum a t  the  
extinction of t h e  l a s e r  beamland then  decreased very  r ap id ly .  The 
r a d i a t i v e  de-exc i ta t ion  of atoms beemie very important s e v e r a l  hundred 
cr -~aseconds  l a t e r *  It is we11 known chat during t h i s  i n ~ e r - v a l  the p2i;rsr.e 
expands g r e a t l y .  The t h i r d  peak might correspond t o  a n  emission of 91gYb 
occurr ing i n  a supersonic  b l a s t  i n  t h e  d i r e c t i o n  of t h e  l a s e r :  t n k s  as 
t h e  s imp les t  i n t e r p r e t a t i o n  of our  r e s u l t s ,  bu t  of course more de ta i l ed  
experiments a r e  needed. I n  t h e  case  of molecular hydrogen, we d e c e r m ~ z ~ d  
t h e  number of atoms p re sen t  i n  t h e  ion ized  volume a f t e r  complete exiinctfon 
of t h e  plasma, i. e . ,  a f t e r  a f r a c t i o n  of a mi l l i s econd .  We fo l loved  9-13 
homogeneous recombination of t h e s e  atoms and also t h e  H and D2 2 
exchange r e a c t i o n s .  During t h e s e  d i f f e r e n t  rnmencs of t h e  e v o l u t i c ~ r ~  \-f
t h e  media, we had many evidences f o r  macroseopic movements of the ~ e d , a  
(cf Appendix 2 ) .  
The spec t roscopic  study allowed us  t o  i s o l a t e  t h r e e  e f f e c t s  cs-L: - - -  
but ing  t o  t h e  emission of lighit; from ehe plasma, The 13remssicrai1 li -L 
radiation from the electrons appeared  firs^, reached i t s  naaxladn~ ~ r ;  L, ct 
e x t i n c t i o n  of t h e  Laser beam, and then  decreased very r a p i d l y ,  lire 
r a d i a t i v e  de-exc i ta t ion  of atoms became very important several hu.r:d:a, 
nanoseconds l a t e r .  It is  w e l l  Ikraown t h a t  during t h i s  i n t e r v a l  t h e  
expands greatly. The t h i r d  peak might correspond to an e m i s s i o ~ ~  :- 
occurr ing i n  a supersonic  blast orL the direction of t h e  l a ~ e r :  
t h e  s imp les t  i n t e r p r e t a t i o n  of our results, bu t  of course m r e  d ~ : 3 - ~ l z c  
experiments a r e  needed. I n  t h e  case  of molecular hydrogen3 we d e r e  *x_ ?,?i 
t he  number of atoms present  i n  t h e  ion ized  volume a f t e r  complete exti~:: . l .~sl  
of t h e  plasma, i . e .  a f t e r  a f r a c t i o n  of a mi l l i second.  We followed crre 
homogeneous recombination of t hese  atoms and a l s o  t h e  B and D eX@hac?C 2 2 
r e a c t i o n s .  During the  time of evo1utPon ef the medim we obsezrvei ~ 3 ~ 1 2  
macroscopic movements of t h e  plasma (cf.  appendix 2 ) .  
The bremsstrahlung e f f e c t  is t h e  emission of Eight occurr ing  when 
e l e c t r o n s  i n t e r a c t  w i t h  ions  o r  n e u t r a l  p a r t i c l e s .  A s  a f i r s t a p p r o x i m a -  
t i o n ,  ignoring t h e  energy d i s t r i b u t i o n  of e l e c t r o n s ,  one can cons ider  
t h a t  t h e  maximum i n t e n s i t y  of t h i s  f i r s t  peak is a measure of t h e  square 
of t h e  number of e l e c t r o n s  i n  t h e  plasma a t  t h e  time of e x t i n c t i o n  of 
t\e laser beam, W e  have shown chat t h e  decrease  Ln intensity of the 
spec-cral Pine H is of the f i r s t  order with  rsspect to the nuclhber DE 
01 
e l e c t r o n s ,  and concluded t h a t  t h e  exc i t ed  s t a t e s  involved were probably 
created by i n e l a s t i c  e o l l i s f o n s  between e l e c t r ~ n s  and n e u t r a l s ,  On 
F~gure LO we have p l o t t e d  t h e  square  root of ehe BremsstrahPung i n t e c s t t y ,  
*. &;re + d line I n t e r ~ s i t y ~  and the n~xcber sf ztaans extrapclaced f rm c3c.e 
a 
nessurements made w i t h  the TiO, dezector, versus t h e  Zas pxessure, C'; e L 
c;,n s e e  t h a t  jt is  impossible  t o  d i s t i n g u i s h  t h e  t h r e e  curves, T h i s  
result suppor ts  t h e  i n t e r p r e t a t i o n  given above f o r  t h e  o r i g i n  of the 
excited s t a t e s ,  and a l s o  that t h e  atoms are probably c rea t ed  by csL- 
l i s i o n s  of rnoLelsuBes wi th  e l e c t r o n s ,  and not by such processes  as, 
f o r  example: 
0 
This concerns only hydrogen, The l i n e  MI1 46278 cannot be in ter-  
p reced  i n  t h e  same way because its i n t e n s i t y  v a r i e s  more than t h e  
bremsstrahlung i n t e n s i t y  w i th  ni txogen pressure :  a c t u a l l y  it i s  not  
surprising because i t  correspond$ t o  an m i s s i o n  from an i o n i c  excited 
s t a t e  and is p ropor t iona l  t o  a power af t h e  e l e c t r o n t e  d e n i s t y  g r e a t e r  
tyan two, 
One can cons ider  a l s o  t h a t  t h e  e x c e l l e n t  supe rpos i t i on  of the ~hree 
curves of F igure  LO demonstratesthat  t h e  inhomogeneities and macroscopic 
movements a r e  not  important f o r  t h e  understanding of t h e  l i g h t  emissron 
and of chemical r e a c t i o n s ,  i n  t h e  domain of p re s su re  s tud ied .  
The l i g h t  emission by bremsstrahlung was a  q u a s i  continuum* There- 
f o r e  a t  low p res su res  low s p e c t r a l  s o l u t i o n  would g i v e  t h e  s t r o n g e s t  
s i g n a l .  Under such condi t ions  P .  Agos t in i  e t  a l .  have seen  t h e  beginning 
of t h e  e l e c t r o n i c  cascade. It is obviously impossible  t o  g e t  t h e  benefit 
of such condi t ions  i n  t h e  d e t e c t i o n  of s p e c t r a l  l i n e s  and we d id  not see 
any primary processes .  A s  e x c i t a t i o n s  of atoms and d i s s o c i a t i o n s  of 
molecules need many fewer photons than  i o n i z a t i o n  one would expect: these 
processes  t o  be more probable.  The r e s u l t s  of our experiments showed 
t h a t  t h e r e  were l e s s  than  10" molecules of hydrogen d i s s o c i a t e d  by 
mult iphotonic  absorp t ion  j u s t  below t h e  breakdown's t h re sho ld .  T",-is 
more d i f f i c u l t  t o  g i v e  a bound f o r  t h e  number of exc i t ed  atoms bcc ,auo1 
we s tud ied  only a few l i n e s  and because the  e f f i c i e n c i e s  of t h e  d i f f e r e ~ t  
processes  of atomic de-exc i ta t ion  a r e  not  known. There were l e s s  t h a t  
5 10 photons emi t ted  i n  each s p e c t r a l  l i n e .  A s tudy  of t h e  u l t r a , ~ i o L c :  
reg ion  would g i v e  some information on t h e  Lower exc i t ed  s t a t e s  b u t  
w i l l  encounter t h e  same d i f f i c u l t y .  
It seems impossible  t o  i n i t i a t e  chemical r e a c t i o n s  and explosions 
i n  t h e  h igh  p re s su re  domain i f  t h e r e  is no plasma. Under t h e  b e s t  
condi t ions  1012 molecules would have t o  be d i s s o c i a t e d  a t  t h e  focus of 
t h e  l e n s  i n  order  t o  observe an  i s o t o p i c  exchange between H and D2 at' 2 
a  macroscopic s c a l e .  But we have shown by d i r e c t  d e t e c t i o n  t h a t  t lnerc 
are  l e s s  than  10" atoms and spec t roscop ic  s t u d i e s  suggested t h i s  number 
i s  s e v e r a l  o rder  of magnitude smal le r .  
We have shown i n  Appendix 3 t h a t ,  i n  t h e  domain of p r e s s u r e  s tud ied  
here, it  i s  l i k e l y  t h a t  t h e  mul t iphotanic  absorp t ion  involves  i m p u r i t i e s  
o r  col l is ion-induced absorpt ion:  i n  such a case  i t  should be normal 
t o  have not  seen  any exc i t ed  s t a t e  o r  atoms below t h e  breakdown th re sho ld ,  
Bur: akpressure  lower th2n 1 t o r r ,  mul t iphotonic  aBsorpt ion involves  f o r  
sure t he  gas molecules ,  and t h e r e f o r e ,  one can perhaps s e e  i t :  molecular 
beams technique should be very i n t e r e s t i n g .  Above t h e  breakdown's 
t h re sho ld ,  t h e  energy t r a n s f e r  between t h e  l a s e r  beam and t h e  gas p lays  
an important r o l e  i n  t h e  k i n e t i c s  of t h e  r eac t ion .  Unlike wi th  many 
other techniques,  i t  is p o s s i b l e  by focusing a l a s e r  beam t o  achieve  a 
s p h e r i c a l  symmetry very  i n t e r e s t i n g  i n  t h e  i n v e s t i g a t i o n  of homogeneous 
r eac t ions .  Furthermore, t h e  Laser induced gas  breakdown can be very  
u s e f u l  f o r  s tudying t h e  dynamics of explosions.  
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APPENDIX I 
Notation: 
energy of one e lec t ron  
I - $ :  d ioniza t ion p o t e n t i a l  of a molecule 
w . 
n ( ~  , t ) densi ty  of e lec t rons  with energy i n  the  i n t e r v a l  
[ E 1 L+ d~ 1 a t  t i m e  t 
N(t) t o t a l  densi ty  of e lec t rons  a t  t i m e  t 
a ( 5  1 absorption coef f i c ien t  by inverse  bremsstrahlung 
electron-neutral  cerbected f o r  t h e  st imulated 
miss ion 
9 l a s  er frequency 
6 momentum t r a n s f e r  cross sec t ion  
G(t)  quantum f l u x  densi ty  of the  laser beam at time t 
f o c a l  length of t h e  focusing lens  
divergence of t h e  l a s e r  beam 
< ion iza t ion  cross sec t ion  
T ( t )  e l ec t ron ic  temperature of t h e  plasma d h t 
Here we a r e  i n t e r e s t e d  i n  t h e  general  development of t h e  e lec t ron  
cascade, and i n  p a r t i c u l a r ,  i n  t h e  period of e lec t ron mul t ip l i ca t ion  
which follows t h e  appearance of the  f i r s t  multiphotonic e lec t rons .  Many 
t h e o r e t i c a l  s tud ies  have already been but it appears t h a t  t h e  
, f i r s t  ca lcu la t ions  were not very ref ined and t h a t  t h e  l a t t e r  two 5-6 
did  not  t ake  i n t o  account t h e  e lec t ron  energy d i s t r ibu t ion .  We w i l l  
develop general  expressions which g ive  rise n a t u r a l l y  t o  d i f f e r e n t  
approximations. 
1. General Theory 
The t i m e  evolution of the  e lec t ron densi ty ,  with energy i n  
t h e  i n t e r v a l  [ e E + h& ] is described by t h e  t r a n s f e r  equation: 
Numerical in tegra t ion  of t h i s  equation is  d i f f i c u l t  because t h e  
elementary processes a r e  very f a s t  during t h e  cascade and the re fo re  t h e  
in tegra t ion  s t eps  a r e  necessar i ly  very small ,  However, if we know t h e  
e lec t ron energy d i s t r i b u t i ~ n ~ t h e n  it is poss ib le  to-make a transformatior  I 
which reduces (1) t o  a set of coupled d i f f e r e n t i a l  equations which a r e  
simpler t o  solve.  
When t h e  e lec t ron energy d i s t r i b u t i o n  i s  know, in tegra t ion  of (1) 
with respect  t o  t h e  energy gives t h e  e lec t ron  balance equation. Inverse 
Bramsstrahlung and e l a s t i c  c o l l i s i o n  processes which lead t o  energy 
t r a n s f e r s  but  do not a l t e r  t h e  number of e lec t rons ,  play no r o l e  i n  
t h i s  equation. 
I n  a s imi la r  way t h e  energy balance equation may be obtained by tbking I 
the f i r s t  moment of (1) with respect  t o  t h e  t o t a l  energy. Thus: 
r . .  
where the  ionizat ion contributions vanish because t h e  t o t a l  energy is 
conserved i n  such a process, and t h e  e l a s t i c  c o l l i s i o n  contr ibut ion i s  
neg l ig ib le  s ince  t h e  e lec t ron  mass is  small  compared t o  the  molecular 
and i o n i c  masses. I f  t h e  energy d i s t r i b u t i o n  is  characterized by 
severa l  parameters t h e  one may use t h e  corresponding moments of (1) t o  
obta in  t h e i r  v a r i a t i o n  with time. 
An examination of the  cross  sec t ions  f o r  the  various elementary 
processes shows t h a t  the  e lec t ron  energy w i l l  not  increase  s i g n i f i -  
cant ly  above t h e  ion iza t ion  p o t e n t i a l  of t h e  neu t ra l s .  One may the re fo re  
suppose t h a t  i n  any ionizing c o l l i s i o n  t h e  r e s u l t i n g  e lec t rons  w i l l  
possess low energies.  Hence, using Equation (1) it i s  poss ib le  to  
ca lcula te ,  as a funct ion of t i m e ,  both t h e  energy of an e lec t ron  which 
was produced a t  t i m e  t = 0 with a low k i n e t i c  energy, and t h e  p robab i l i ty  
of i t s  disappearance. Thus, using t h e  second pos tu la te  of s t a t i s t i c a l  
mechanics, one can der ive  the  energy d i s t r i b u t i o n  of the  ensemble a t  a 
given i n s t a n t .  
For completeness, i t  i s  necessary t o  consider t h e  t r a n s f e r  equation 
governing the  r a d i a t i o n  densi ty  of the  l a s e r  beam. However, t h e  f l u x  
densi ty  of photons is  e s s e n t i a l l y  constant throughout t h e  f o c a l  volume 
up u n t i l  t h e  period of in tense  heat ing,  which follows t h e  period 
described above, and s o  one may ignore t h i s  equation. 
2 .  Study of the  Elementary Processes From a Boltzmann Dis t r ibu t ion  
Since binary e l a s t i c  c o l l i s i o n s  a r e  f a r  more frequent  than t h e  
t e r t i a r y  c o l l i s i o n s ,  electron-atom-photon, w e  w i l l  use  the  quas is ta t ionary  
s t a t e  approximation: the  f a s t  e lec t ron c o l l i s i o n s  produce an  energy 
d i s t r i b u t i o n  a s  a funct ion of time which is  independent of the  other 
processes. For t h e  s impl ic i ty  we w i l l  approximate the  t r u e  d i s t r i b u t i o n  
by a Maxwellian d i s t r ibu t ion :  
We w i l l  now consider t h e  various processes involved i n  (2) and (3 ) :  
Knverse bremsstrahlung electron-neutral:  Zeldodvfch (i ) has shown 
t h a t  when, 0; 1) (< '5 , t h e  absorption coef f i c ien t s  f o r  t h e  inverse  
bremsstrahlung and t h e  st imulated emission of one e lec t ron i n  t h e  f i e l d  
of a n e u t r a l  reduce t o  t h e  term describing t h e  heating of an e lec t ron  
gas i r r a d i a t e d  by an  HF f i e l d :  
Here is t h e  momentum t rans fe r  cross  sec t ion  which is  assumed 
t o  be independent of t h e  e lec t ron energy, although i n  Fig. 1 1 w e  repor t  
t h e  t r u e  dependence of on the  energy. I n  t h i s  process t h e  
energy absorbed by t h e  e lec t ron gas per u n i t  time and volume is: 
"I' 
and an in tegra t ion  over t h e  energy range of t h e  e lec t rons  we obta in  
( 4 )  2~ G c R G ( Q - ~ ~ @ F  = A pa,,,)~ fi 
@m) cv 
I n  t h e  t r ans fe r  equation (1) the  inverse Bremsstrahlung term is  
and it  is  e a s i l y  seen t h a t  the  zero and f i r s t  moments of ch i s  equation 
with respect  t o  t h e  energy y i e l d  zero and equation (4) respect ively .  
Inverse bremsstrahlung electron-ion: t h e  absorption coef f i c ien t  
gb) of a photon by an e lec t ron  i n  t h e  presence of N ( $ v i o n s  is,  
f ollowingSPitzer (7)  : 
. IV@,%. = 5 Nt T 97 
I n  order t o  take  i n t o  account t h e  st imulated emissions one has t o  
Ionizat ion:  We have already reported t h a t  t h e  e lec t ron  energy 
i s  never much g r e a t e r  than t h e  ionizat ion p o t e n t i a l  of t h e  neu t ra l s  
before the  period of in tense  heating of t h e  p l a s w :  w e  w i l l  therefore  
assume t h a t  t h e  i o n i z a t i o n  cross sec t ion  is a . l inea r  functgon 
of energy: 
, Using t h i s  i n  conjunction with t h e  expression < 6i w; e(g))(cp) 
f o r  t h e  r a t e  of conversion of the  neu t ra l s  we obtain: 
In. t h e  'derivat ion'  of t h i s  expression we have &de no assumption on t h e  
part ioning of energy between t h e  two e lec t rons  a f t e r  t h e  c d l l i s i o n .  
Diffusion: The f o c a l  volume has c y l i n d r i c a l  symmetry and there- 
fore:  
I n  a complete treatment one should a l s o  take  i n t o  account the  qnezey 
dependence of t h e  momentum t r a n s f e r  cross-section. For numerical 
appl ica t ion we w i l l  t ake  i n t o  account t h e  f a c t  t h a t  d i f fus ion  is u n ~  
important f o r  pressures g r e a t e r  than 100 t o r r s  a s  was s h o w  by C.  G. 
Morgan ( ( ) , The f o c a l  volurse is a cylinder of radivs  #a and 
length L . We w i l l  suppose t h a t  t h e  e lec t ron  concentration is 
homogeneous throughout t h i s  volume and vanishes outside.  I n  neg Jecfing 11- - 
t h e  losses  a t  t h e  ends of t h e  cyl inder  one f inds  tha t :  
- li- [%)A+ d 6 P+ , r2  ~ 4 7  
which becomes in tegra t ion:  + 
Electron attachment and recombination e lec t ron ion: This names 
I 
cover processes which a r e  q u i t e  d i f f e r e n t  and o f ten  not  very w e l l  
known. It would not be very d i f f i c u l t  t o  take  it i n t o  account, but  our '1 
aim, here, is no t  t o  perform the  bes t  ca lcu la t ion  t h a t  one can make. 
A good study of the  importance of t h e  recombination processes had been 
made by Morgan ( . Electron attachment processes a r e  important 
f o r  O2 but not  f o r  r a r e  gases. 
3. Results  and Discussion 
The t r a n s f e r  equation reduces t o  t h e  two equations: 
i f  we neglect  e l ec t ron  attachment and recombination. 
Thermal equilibrium: a t  t h e  beginning of t h e  cascade 
and t h e  inverse bremsstrahlung electron-ion is  negl ig ib le .  Therefore: 
From t h i s  equation i t  follows t h a t  t h e  temperature is  a function of 
P . t  and is independent of t h e  number of primary e lec t rons .  Af ter  a 
while thermal equilibrium is a t t a ined .  I n  Figure 12 we show t h e  
v a r i a t i o n  of t h i s  equilibrium temperature with t h e  power of t h e  l a s e r  
beam obtained with model computations of argon and helium. It is 
ren3-rkable t h a t  t h e  temperature- of t h e  f o c a l  volume is independrent of 
_ -  - - - -. 
-* 
' the d i f f u s i o n  processes i n  s o  f a r  a s  .the I. B. electron-ion. i s  unim- 
p-  
- -- 
portant: i n  par t i cu la r  i f  the  i n i t i a l  temperature and t h e  l a se r  
in tens i ty  a r e  uniform throughout the  foca l  volume, then the  temperature 
I I 
remains uniform. T 
When the  e lect ron density becomes s ign i f ican t  p r i o r  t o  t h e  ext inct ion 
of t he  l a se r  beam the  term JN comes in to  play, causing an increase i n  I I 
vi= 
the  e lect ronic  temperature: t he  heating e f f ec t  thus induced gives 
r i s e  t o  t he  macroscopic movements studied i n  Appendix 2 .  
Conditions f o r  increase i n  t he  number of electrons 
The e lec t ron ic  temperature is  a function of P t ,  and G ,  
T(Pt, G) and one can compute the  maximum temperature T (P,G) a t t a ined  M . I 
i n  the  duration, T , of the  l ase r  pulse. Further,  the  t o t a l  number . 
I I 
of e lect rons  increases only i f  dN/dt becomes posi t ive ,  or  equivalently, 
i f  the  pressure P s a t i s f i e s  
4 In 
O D  eKt -1 
I 
Hence we have a second function T(P) . The in te r sec t ion  of the curves 
representing these  two conditions determines a c r i t i c a l  pressure 
P (G) below which no cascade can occur. The breakdown threshold can 
C 
be defined a s  the  l imi t ing pressure such t h a t  the  I -B electron-ion 
process ceases t o  be negligible.  Such a def in i t ion  takes i n t o  account 
the  phenomenon which causes t h e  f a s t  heating of t h e  plasma. 
The Monoenergetic Approximation: When the  steady temperature 
is a t ta ined f a s t ,  one can neglect  t he  t rans ien t  s t a t e .  I n  such a 
case, (8) gives dT/dt = 0 so t ha t  T = constant i n  equation ( 7 ) ,  which 
is equivalent  t o  t h e  equations used by other authors ( 6  ) I n  t h i s  
way w e  can know t h e  mean energy of t h e  e lec t rons  and do not need t o  
guess i t .  With t h i s  proviso Morgan's analys is  of t h e  cascade i s  va l id .  
C 7 However Mille uses an equation f o r  t h e  e lc t ron  balance which ?nvovol;hs 
an inverse  Bremsstrahlung electron-neutral  term, and t h e  analyses made 
here  suggest t h a t  it  i s  incor rec t .  
I f  t h e  electron-ion recombination and e lec t ron  attachment processes 
are u c l u d e d ,  w e  have 
This formula can be derived d i r e c t l y  from physica l  i n t u i t i o n :  one 
assumes t h a t  any e lec t ron possessing a g r e a t e r  t o t a l  energy than 
3 ( I  + ?  kT) w i l l  quickly ion ize  a molecule, and hence t h e  r a t e  of 
acqu i s i t ion  of t h i s  energy, A (P-fl) fl , divided by t h i s  
3 
energy ( I  + - kT) , y i e l d s  t h e  average l i f e t i m e  of one e lec t ron.  The 2 
losses  by d i f fus ion  a r e  a , but again t h e  der ivat ion 
I f' . 
says nothing about t h e  threshold temperature T . 
Numerical Results  and Discussion: Eqyations (7) and (9) we solved 
with: 
a = 1.3 lom3 radians 
f = 8 c m  
l a s e r  pulse  : duration 40 n s  and constant  i n t e n s i t y  PM 
P [1,700] t o r r s  
I Prr = 8 . 3  10 m; I = 1, 2, 3,  4 
3 a2 = 1 lo-15 cm 2 
1 f o 1 5 low6 cm2/ergs 2 6 = 5 low6 cm 2 (ergs 
I = 24, 46eV = 15.68 eV 
The model ca lcu la t ions  1 and 2 , a r e  f o r  Helium and Argon respect ively .  
I n  f i g u r e  13 w e  p l o t  f i n a l  densi ty  aga ins t  the  gas pressure.  The 
experimental d i f ferences  between Argon and Helium a r e  w e l l  predicted.  
The time to taken f o r  a s t a t ionary  temperature t o  be a t t a ined  is  a 
decreasing funct ion of the  l a s e r  power. 
Power of t h e  laser beam (MW) 
8 . 3  8 3 830 
H e l i u m  t o &  8 lom9 7.6 10-lo 10-lo 1.7 10-l1 
Argon to(, 1.3 lom9 3.5 5 10-11 8.5 10-l2 
It is  seen t h a t  when the  l a s e r  beam power i s  not  too low the  
s t a t ionary  s t a t e  i s  reached very quickly and hence i t  would be a good 
approximation to  take the  temperature of t h e  medium a s  a constant .  
However, we emphasize here  t h a t  t h i s  temperature can be ca lcula ted  from 
t h e  energy equilibrium balance equation very simply, and t h e r e  is no 
need t o  guess it. 
I n  Figure 14a we have p lo t t ed  T and N a s  a function of t i m e  f o r  
t h e  model of argon a t  a pressure P = 70 Torr. Here w e  can see  t h a t  
t h e  inverse  Bremsstrahlung (electron-ion) process comes i n t o  play 
a f t e r  2.5 x sec ,  when t h e  e lec t ron  densi ty is  of t h e  order of 
16 6.10 /cc. When the  gas is  f u l l y  ionized t h e  temperature increases  
8 l i n e a r l y  w i t h  time. A f t e r  2.8 x 10- sec .  t h e  e l e c t r o n i c  temperature 
6 is a l r eady  10 OK, and shock waves develop i n  t h e  plasma as is  shown 
i n  Appendix 2. Hence, t h e  s teady  temperature is  v a l i d  only a t  t h e  
beginning of t h e  cascade. 
F igu re  14b t h e  two curves T = f(P)  whose i n t e r s e c t i o n  determines 
t h e  c r i t i c a l  p re s su re  f o r  Helium. For argon one f i n d s  t h a t  c r i t i c a l  
p re s su re s  a r e  very  s m a l l .  
w No a t tempt  has  been made t o  opt imize t h e  parameters t o  ob ta in  
. 
t h e  b e s t  f i t  w i t h  experimental  r e s u l t s .  From F igu re  11 we see t h a t  
i t  is necessary  t o  a l l ow f o r  t h e  f u n c t i o n a l  dependence ~ ( s ) ,  otherwise  
en opt imisa t ion  w i l l  no t  b e  s i g n i f i c a n t .  Our purpose was t o  i l l u s t r a t e  
some g e n e r a l  f e a t u r e s  of t h e  cascade which a r e  not o f t e n  mentioned. 
An exact c a l c u l a t i o n  would n o t  b e  hard .  
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APPENDIX I1 
Inhomogeneities - and hydrodynamics of the  plasma 
--
The f i r s t  s tud ies  ~f t h e , l a s e r  induced gas breakdown by u l t r a f a s t  
photography showed two luminous zones growing very rapidly .  The model 
6 w e  have presented i n  Appendix I takes no account of plasma inhomogeneities 
L I 
and macroscopic movements. However such phenomena were seen i n  our 
experimepts . 
0 
When t h e  monochromator is set a t  X = 10600A the  photomult ipl ier  
received only t h e  l i g h t  d i f fus ing  out  of t h e  plasma during i ts heating. 
The oscillogram ( f igure  45 ) showed two peaks, one a r r i v i n g  10 n s  a f t e r  
t h e  other and t h e i r  r l e a t i v e  i n t e n s i t y  depending upon t h e  f o c a l  region 
studied.  A. J .  Alcock ( 5  ) was unable t o  see the  two peaks with a 
"sl i t -apertureu camera . The plasma seems t o  have two di f fus ing zones 
appearing one a f t e r  t h e  o ther .  The ve loc i ty  of propagation toward t h e  
7 l a s e r  is 10 cm/s. 
. We have p lo t t ed  on Figure ( 16 ) t h e  i n t e n s i t y  of the  Ha l i n e ,  
. severa l  hundreds of nanoseconds a f t e r  the  l a s e r  ext inct ion,  versus t h e  
f o c a l  region examined-. Again one can see t h a t  the re  a r e  two regions where 
th'e i n t e n s i t y  is grea te r  than at  t h e  f o c a l  center .  This may be due 
.; not only t o  a nonhomogeneous e lec t ron ic  densi ty,  but a l s o  t o  nonhomogeneous 11: ' 
?d e lec t ron ic  teinperaatures and t o  d i f f e r e n t  H-excitation processes occuring 
i n  t h e  two regions. 
We did  not  c a l c u l a t e  the  e lec t ron ic  temperature at  d i f f e r e n t  loca- 
t ions  wi th in  t h e  f o c a l  volume, but  a s  t h e  decay t i m e  of the  l i n e  H w a s  
a 
the  same everywhere, we in£ e r  t h a t  the re  was i n  f a c t  only one elementary 
process leading t o  t h e  H exc i t a t ion  throughout t h e  f o c a l  volume. a 
A s  mentioned e a r l i e r ,  t h e  observations on t h e  " th i rd  peak" suggested 
t h a t ,  severa l  microseconds a f t e r  t h e  l a s e r  ext inct ion,  a macroscopic 
displacement of t h e  plasma takes place toward t h e  laser. 
Such inhomogeneities could not be e n t i r e l y  explained by imperfections 
of t h e  focusing op t i cs ,  s ince  such an  explanation would say nothing about 
the  macroscopic movements observed a t  d i f f e r e n t  times of t h e  plasma 
development. 
3 Ramsden and Savic ( 2 ), Champetier invqke the  crea t ion of a pressure 
and temperature d iscont inui ty  near t h e  focus of t h e  lens  t o  explain 
these  macroscopic movements: an enhanced shock wave occuring i n  the  
region experiencing the  l a s e r  beam would t r a v e l  toward t h e  focusing 
lens.  Another explanation supports t h a t  the breakdown occurs when the  
e lec t ronic  densi ty  is g rea te r  than a minimum value which i s  a funct ion 
of t h e  f l u x  densi ty ;  Raizer ( 4 ) shows t h a t  during t h e  l a s e r  i r r a d i a t i o n  
t h i s  minimum density occurs a t  points  nearer  and nearer  t h e  l e n s  a s  
time goes on. Veyris ( 5 )  made the  most extensive ca lcu la t ion  and showed 
t h a t  f o r  hydrogen, t h e  enchanced shock wave is f a s t e r  than Ra ize r l s  
breakdown wave and is  the re fo re  t h e  control l ing  f a c t o r  i n  t h e  v i c i n i t y  
7 
of t h e  breakdown conditions. H e  ca lcula ted  a ve loc i ty  of 0.8 10 cmls, 
i n  excel lent  agreement with our experimental r e s u l t  and those of u l t r a f a s t  
photography. 
On f i g u r e  ( I$ ) we have pictured t h e  two enhanced longi tudinal  
waves and t h e  two slower t ransverse  waves. Under t h e  c r i t i c a l  conditions 
absorbs and d i f f u s e s  very  l i t t l e  of t h e  i n c i d e n t  beam and t h e r e f o r e  t h e  
I 1 .  ! hea t ing  i s  i s o t r o p i c .  A t  h ighe r  p re s su re s  1) propagates f a s t e r  because 
of t h e  h igh  e l e c t r o n i c  d e n s i t y  and d i f f u s i v i t y  whereas reg ion  2)  r e c e i v e s  
only a few photons. Daiber and Thompson ( 6 ), i n  a plasma of n i t rogen  
under atmospheric p re s su re ,  have seen  only a propagat ion toward t h e  l a s e r .  
Our experimental  r e s u l t s  on t h e  bremsstrahlung emission a t  d i f f e r e n t  
p re s su re s  and qhe model proposed f o r  t h e  development of t h e  cascade 
w a l low us  t o  understand t h e  processes  r e spons ib l e  f o r  t h i s  d i f f e r e n t  
behavior.  Furthermore i t  is evident  t h a t  f o r  helium t h e  p re s su re  domain, 
i n  which one could s e e  a l o n g i t u d i n a l  propagat ion i n  both d i r e c t i o n s ,  
would be  l a r g e r  than t h e  corresponding domain f o r  hydrogen. But f o r  t h e  
heavy gases  which showed a ve ry  sharp  h c f e a s e  of t h e  bremsstrahlung 
emission wi th  p re s su re ,  we would n o t  expect such a phenomenon except  i n  
t h e  ve ry  v i c i n i t y  of t h e  threshold .  
Plasma hydrodynamics have been s tud ied  by those  i n t e r e s t e d  i n  
i n i t i a t i n g  thermonuclear r e a c t i o n s  wi th  a l a s e r  beam: t h e  g o a l  i n  t h e s e  
experiments was t o  conf ine  t h e  plasma and t o  g e t  t h e  h ighes t  temperature 
poss ib l e .  But t h e  chemical processes  we a r e  i n t e r e s t e d  i n  begin only 
a f t e r  t h e  plasma e x t i n c t i o n  and t h e r e f o r e  when t h e  macroscopic movements 
a r e  no longer  important .  Furthermore we have s tud ied  a s m a l l  domain 
around t h e  p re s su re  threshold  where t h e  movements themselves are s m a l l .  
W e  t h i n k  t h a t  our experiments support  t h e  assumption t h a t  under such 
condi t ions  one can neg lec t  t h e  hydrodynamics of t he  plasma, and t h a t  t h e  
model used f o r  t h e  cascade i s  v a l i d .  The computation of t h e  exchange 
r e a c t i o n ,  H 2 / ~ 2 ,  ha s  no t  been made a t  t h e  atmospheric p re s su re  because 
a t  such h igh  p re s su re  t h e  hea t  t r a n s f e r r e d  from t h e  l a s e r  beam t o  t h e  
gas may b e  important .  
Therefore,  depending on t h e  a i m s  of t h e  experiments,  one may work 
i n  t h e  v i c i n i t y  of t h e  breakdown threshold  and neg lec t  t h e  hydrodynamics, 
o r  above t h e  threshold  and t a k e  account of t h e  macroscopic movements of 
of t h e  plasma. Those i n t e r e s t e d  i n  explos ive  r e a c t i o n s  and propagat ion 
I 
of d e f l a g r a t i o n s  must obviously u s e  high e l e c t r o n i c  and f l u x  d e n s i t y  i n  
order  t o  maximize t h e  d i s c o n t i n u i t y  a t  t h e  f o c a l  cen te r .  
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APPENDIX I11 
O r i  m of t h e  F i r s t  Electrons g'--- 
Natural  appearance of e l ec t rons  i n  t h e  f o c a l  volume is  very unl ike ly .  
The p robab i l i ty  of auto  i o n i z a t i o n  of a hydrogen atom i n  a n  e l e c t r i c  
7 f i e l d  of 10 V/cm is extremely low. Therefore d i f f e r e n t  theor i e s  invoke 
a mult iphotonic absorpt ion of very  high order  i n  (m h V - Q I p o t e n t i a l  
de-ionizat ion) ,  but they g ive  cross  s e c t i o n s  of ion iza t ion  which a r e  
too  small .  It is  not  su rp r i s ing  t h a t  pe r tu rba t ion  theory leads  t o  poor 
r e s u l t s  because t h e  "perturbation1' by t h e  e l e c t r i c  f i e l d  i s  of t h e  order  
of magnitude of t h e  unperturbed energy. Recently ( ) a method of 
approximation based upon a u n i t a r y  t ransformation,  which suppresses t h e  
very i n t e n s e  electromagnetic  f i e l d  from t h e  problem, has been proposed 
f o r  bound s t a t e s :  tlie order  of t h e  mult iphotonic process is  less than  
would be predic ted  by previous t h e o r i e s .  
I n  order  t o  obta in  experimentally t h e  order  i n  and t h e  cross  s e c t i o n  
-3 
a many authors  have s tud ied ,  a t  very low pressure  (10 - lo-' t o r r s ) ,  
m 
t h e  number of e l ec t rons  o r  ions  crea ted  a s  a funct ion  of t h e  power of 
The f i r s t  term is t h e  mult iphotonic one of i n t e r e s t  here.  Taking account 
only of t h i s  t e r m ,  V. Chalmeton derived t h e  following expression f o r  P i s  
t h e  t h re sho ld  of appearance of e l ec t rons :  
.I 
L = a x i a l  dimension of t h e  f o c a l  volume 
b = l i n e  cons tan t  of t h e  l a s e r  impulsion. 
Nt = ($) = number of e l e c t r o n s  
2 
- 3 Agos t in i  has  i n t e r p r e t e d  some experiments on hydrogen under 10 t o r r s  
by a numtiphotonic abso rp t ion  of order  5 For X = 1 , 0 6 1 ~  . But Blanc 
( 3 ) r e p o r t s  t h a t  even a t  low temperature t h e  i n i t i a t i n g  of a cascade 
can a l t e r  t h e  mul t iphotonic  order:  t h e r e f o r e  t h e  number 3 i s  no t  
n e c e s s a r i l y  exac t ,  bu t  must be  c l o s e  t o  t h e  t r u e  one. A s tudy  of t h e  
dependence of Pi upon t h e  gas p re s su re  and the f o c a l  l eng th  of t h e  l e n s  
h a s  been made by Chalmeton (1 - 500 t o r r s ) *  It appears  t h a t  t h e  experi-  
ments are compatible wi th  t h e  p red ic t ed  mult iphotonic  e f f e c t  (.fJ- ) I 
only f o r  gas s  p re s su re s  lower than  20 t o r r s .  Above 30 t o r r s  rhe  r e s u l t s  I 
can be  i n t e r p r e t e d  wi th  a n  o rde r  equal  t o  2 . One can no t  avoid some 
i m p u r i t i e s  i n  t h e  gas  and i f  they have a ve ry  low i o n i z a t i o n  p o t e n t i a l  
they  may become important as t h e  p re s su re  i nc reases .  Ak la l ine  impur i t i e s  
would need only 3 o r  4 e l e c t r o n s  t o  b e  ion ized;  tak ing  account of t h e  L - experimental  and t h e o r e t i c a l  presumption 3 ,  f o r  a n  o rde r  smal le r  
than  t h a t  p red ic t ed  by t h e  r e l a t i o n  m h v I ,  one cannot r e j e c t  t h i s  
- 
explanat ion.  One o t h e r  explana t ion ,  proposed by Papoular ,  i s  t h e  non 
resonant  p h o t o e l e c t r i c  e f f e c t :  a mul t iphotonic  absorp t ion  of very  low 
order  can occur  during in te rmolecular  c o l l i s i o n s .  Both explana t ions  
suggest t h a t  t h e  p robab i l i ty  of e x c i t a t i o p  or  d i s soc ia t ion  of molecular 
hydrogen by multiphotonic absorption was very s m a l l  i n  the  domain of 
pressures s tudied i n  our experiments, and t h a t  t h e  sens i6 iv i ty  of t h e  
detec tor  does not  account f o r  t h e  absenoe of such species.  Under gas 
pressures lower than 1 t o r r  the multiphotonic a b s o r p t i ~ n  takes p lace  on 
t h e  i s o l a t e d  moelcules, and o w  study should be done qnder such condi- 
t ions .  
But i n  a very recent  paper Berezhehskaya e t  g l ,  have studied $he 
multiphotonic ionizat ion of H2 at Very low pressure  - t o r r s ) :  
, . 
f 
H; ions  a r e  100 times more numerous than H ions,  and they conclude 
t h a t  the  process 
i s  more probable than 
It is  the re fo re  not obvious t h a t  i t  w i l l  be poss ib le  t o  qbserve t h e  
d i s soc ia t ion  of a  molecule. 
A very good survey of the current  papers i p  t h i s  f i e l d  has been 
made by Mil le  (6) .  
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Figure  1: 6 ( ) and values  used on t h e  model ca lcu la t ions .  
Figure 12: Equilibrium temperature for model of argon and helium 
as a function of the laser beam power. 
Figure 13: N(P) for helium and argon models. 

Figure 14b: Model for helium: curves T(P) detemining the cr i t ica l  
It 
pressures, 



